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ABSTRACTWithin cells, vesicles and proteins are actively transported several micrometers along
the cytoskeletal filaments. The transport along microtubules is propelled by dynein and kinesin mo-
tors, which carry the cargo in opposite directions. Bidirectional intracellular transport is performed
with great efficiency, even under strong confinement, as for example in the axon. For this kind of
transport system, one would expect generically cluster formation. In this work, we discuss the effect
of the recently observed self-enhanced binding-affinity along the kinesin trajectories on the MT.
We introduce a stochastic lattice-gas model, where the enhanced binding affinity is realized via a
floor-field. From Monte Carlo simulations and a mean-field analysis we show that this mechanism
can lead to self-organized symmetry-breaking and lane-formation which indeed leads to efficient
bidirectional transport in narrow environments.
INTRODUCTION
The efficiency of intracellular transport is one of the most
intriguing features of biological cells. Different kinds of
cellular cargo have to be transported to specific locations
in order to maintain the cells’ functionality. Intracellular
transport can be driven by molecular motors, i.e. special-
ized proteins that can carry cargo along polar filaments
of the cytoskeleton [2–5]. Molecular motors, such as the
microtubule (MT) associated proteins (MAPS) kinesin
and dynein, step stochastically along MTs in a given
preferred direction: Kinesins step typically toward the
plus-end and dyneins to the minus-end. Molecular mo-
tors are able to carry big (on the scale of the cell) objects
through crowded environments.
We focus on bidirectional motor-driven transport un-
der spatial confinement, which is for example relevant
for intracellular transport in axons. In this kind of envi-
ronment, active transport is particularly difficult to or-
ganize, since cluster formation is generically observed in
spatially extended one-dimensional systems [6–10]. Clus-
ters can either have stationary particle output [8] or can
lead to long times of blockages such as for non-Markovian
site-exchange [10]. The general question we address in
this work is the following: How do confined systems of
active particles self-organize to realize efficient bidirec-
tional transport states?
Motor-driven transport has been described by variants
of the totally asymmetric exclusion processes (TASEP)
which combine the directed stochastic motion of particles
on a one-dimensional lattice with hard-core exclusion and
Langmuir-kinetics [6, 11, 12]. In principle, the particle
exchange with a reservoir would allow for bidirectional
transport, in case of large diffusivity of unbound parti-
cles. However, if the unbound particles are localized, so
far no mechanism has been suggested which leads to ef-
ficient bidirectional transport. A rather direct approach
is the self-organization in sub-systems each of which car-
ries unidirectional transport. A recent hypothesis is that
posttranslational modifications on MTs might organize
transport in neurons [14, 15]. This kind of organization
has been observed for example in dendrites, where the
MTs are oppositely oriented [16] and in MT doublets in
cilia [17]. Furthermore, motor proteins can regulate MTs
themselves [18], and MT-dynamics [6] and tau [13] can
affect motor transport.
Recent experimental findings suggest a possible mech-
anism leading to efficient bidirectional transport on MT
bundles where no a priori compartmentalization exits.
Shima et al. [19] reported that binding affinity of MTs for
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FIG. 1. (a) Scheme of a neuron, indicating the crowded envi-
ronment and confinement inside axons, including MTs, plus-
particles (blue) and minus-particles (red). (b) Unbound par-
ticles switch filaments with rate ωc. (c) Particle dynamics in
the exclusion process. Triangles mimic bound particles, the
tip indicates the direction. Unbound particles are shown by
squares. Bound particles can step or detach, unbound parti-
cles can reattach. If a particle attempts to step onto a site
occupied by an unbound particle, it can either push it away
or swap position. Two bound particles block each other via
exclusion. (d) The floor-field state fi is averaged over all
sub-states for every site i of the lattice.
2kinesin motors is self-enhanced along the kinesin trajec-
tories which modify the MTs. This kind of self-induced
preferential binding can be understood as a true realiza-
tion of a floor-field, which has been successfully intro-
duced as a virtual mechanism in order to generate e.g.
lane-formation in bidirectional pedestrian flows [20–24].
In this paper, the transport problem is formulated
as a TASEP with Langmuir-kinetics, where we addi-
tionally consider an explicit particle reservoir and a
floor-field. Our theoretical model describes the key fea-
tures of bidirectional axonal transport but considerably
reduces the complexity of the biological reference system.
THE MODEL
We study a TASEP with Langmuir-kinetics of two par-
ticle species moving on a pair of parallel, identically po-
larized one-dimensional filaments. The model filaments
(MTs) are represented as one-dimensional, static lattices.
Lattice sites can either be empty or occupied by a single
particle. We consider two types of particles, i.e. moving
to the plus-end of the filament (τ = 1, blue in Fig. 1) and
to the minus-end (τ = −1, red).
Particle dynamics: Both types of particles can either
be bound or unbound to a filament (triangles or squares
in Fig. 1(c)). Bound particles step to the neighboring site
(target-site) with rate ωs or detach from the filament with
rate ωd (Fig. 1(c)). In order to study lane-formation as
a bulk effect, we are considering periodic boundary con-
ditions. Particles which detach from the filament stay
at the same lattice-site, unlike in typical models with
Langmuir-kinetics where particles move to a bulk reser-
voir [6, 11]. This feature is crucial for modeling transport
in crowded environments, where unbound particles can-
not simply diffuse away from clusters.
Unbound particles can reattach to the filament with
rate ωa or change to an unbound state on the other fila-
ment with a coupling rate ωc (Fig. 1(b)), where the posi-
tion is kept. Particles interact with each other via hard-
core repulsion (Fig. 1(c) bottom). For a particle which
is selected to step we distinguish three cases. (i) If the
target-site is free, the step is executed. (ii) If the target-
site is occupied by a bound particle the step is rejected.
(iii) If the target-site is occupied by an unbound parti-
cle, the unbound particle is either pushed to next site (in
moving direction of the stepping particle) or exchanges
position with it (swapping). If both pushing and swap-
ping are possible, one of the two possibilities is selected
with probability 1/2. If the site in moving direction next
to the unbound particle is occupied, swapping is exe-
cuted. (Fig. 1(c)).
Floor-field dynamics: In [19, 25] an axial elongation
of the MT by kinesin has been reported. The elonga-
tion is related to a meta-stable tubulin-state which has
a higher binding affinity for kinesins. This effect is im-
plemented via a floor-field which considers the number of
MT protofilaments, Np = 13. A floor-field fi is assigned
to each lattice-site i, which is given by
fi =
1
Np
Np∑
k=1
si,k (1)
where k denotes the index of the protofilament which is
permanently assigned to the particles until they detach
from the (proto-)filament. Therefore, fi represents the
average of Np sub-states si,k ∈ {−1, 0, 1}. The value of
fi is updated if particle steps to site i and thereby sets
the value of a given sub-state si,k to +1(−1) in case of
+(−) directed motors. The sub-state can decay back
to 0 again with rate ωr (Fig. 1(d)). Averaging over Np
sub-states introduces a memory effect which stabilizes
the preferential adsorption of a given type of particle,
i.e. the amplitude of the floor-field determines the ro-
bustness of the floor-field against changes of the affinity
by single oppositely directed particles. The sub-division
of the floor-field into ”protofilaments” is also consistent
with the observation that low kinesin concentration may
lead to a curvature of MTs which signifies a coexistence
of excited and non-exited tubulin states ([25]).
The state fi influences the binding affinity of particles
ωa,i given by
ωa,i =


ω0a µ
|fi|, τ = sgn (f) ,
ω0a
1
µ|fi|
, τ 6= sgn (f) ,
(2)
where ω0a is the free attachment rate and µ ≥ 1 is called
affinity modification factor. This modification leads
to higher binding rates if the floor-field state fi was
predominantly set by particles of the same type τ as
well as lower rates for opposing combinations. If µ = 1
or fi = 0, the interaction is neutral. We consider a
symmetric excitation for dynein and kinesin motors,
though so far experimental evidence for a modification
of the MT-structure by dynein is still lacking.
RESULTS AND DISCUSSION
We study the influence of the floor-field on the parti-
cle flux J as a measure of transport efficiency as well
as symmetry-breaking and self-organized lane-formation.
First, we introduce a mean-field analysis and then com-
pare results to Monte Carlo (MC) simulations.
Mean-field analysis: As a reference, we consider
TASEP models [26], two-species, bidirectional exclusion
processes [8, 10, 27], as well as combinations of TASEP
and Langmuir-kinetics [6, 11, 28]. From these models, a
mean-field estimation [29] of the flux Jud = ρeff(1 − ρeff)
can be deduced for unidirectional one-filament systems
with Langmuir-kinetics ([30]). We use Jud for judging on
the transport efficiency. Note that fluxes are scaled by
ω−1s and the system size L.
To include the floor-field dependency in a mean-field
model, we assume a simplified unbound state (u) shared
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FIG. 2. Time dependence of the flux and particle densities
for a system of L = 1000, ρ = 0.05, and random initial con-
figurations. Values of the floor-fields f+, f− and difference in
densities ∆ are given at the left axis; values of the total flux
J , and the mean-field estimation JMF are given at the right
axis. (a) µ = 1, (b) µ = 4.
for both filaments called top (t) and bottom (b). The
average floor-field f is represented by the normalized dif-
ference in particle densities ∆t,+ = (ρ
+
t − ρ
−
t )/ρ
+ for the
plus-species and the top filament (bottom analog) so that
we can formulate the mean-field equations exemplary for
plus-particles (details in the supplemental material [30])
∂ρ+t
∂t
= ω0aµ
∆t,+ρ+u − ωdρ
+
t
∂ρ+u
∂t
= ωd
(
ρ+t + ρ
+
b
)
−
(
µ∆t,+ + µ∆b,+
)
ω0aρ
+
u (3)
∂ρ+b
∂t
= ω0aµ
∆b,+ρ+u − ωdρ
+
b .
Additionally, we get the identity ρ± = ρ±t + ρ
±
b + ρ
±
u
from particle conservation. In the stationary state, we
find the equation for the difference in densities on the
top filament ∆ as
∆ =
(
µ∆ − µ−∆
)
1
ωd
(µ∆ + µ−∆) + ωdω0a
. (4)
Eq. 4 is numerically solvable and shows a pitchfork bifur-
cation, at a critical µ = µcrit: For µ < µcrit eq. 4 has only
a single solution given by ∆0 = 0, while for µ > µcrit the
solution ∆0 = 0 gets unstable and two stable points at
∆±, depending on ωd and ω
0
a, occur. We also find that
the floor-field has to modify the affinity for both species,
otherwise only a symmetric solution can be found [30].
By solving Eq. 4, the flux is estimated by
JMF = ρ
+
t
(
1− (ρ+t + ρ
−
t )
)
. (5)
Parameters: We used the experimental results of [19]
to select the relevant parameters of the model, given in
table 1 in the supplemental material [30]. We kept the
rates ωs, ωd, ω
0
a and ωr constant. The relevant density
regime is rather difficult to estimate. On the one hand
the fraction of occupied binding site is rather low. On the
other hand molecular motors carry rather big objects (20
nm and 50 nm for axonal vesicles [31, 32], compared to 8
nm step-size for most kinesin and dynein motors [33, 34])
such that the density in terms of the occupied volume
along the MT is considerably higher. Therefore, we did
not focus on the low density regime of ρ ≈ 0.01, which has
been addressed in [19] but varied the particle density in
order to study the stability of the bidirectional transport
in our model. The chosen lengths of approximately 1000
sites, which correspond to MTs of length 8 µm, is in
accordance to the typical MT-length in axons [35, 36].
The range of the affinity modification µ is motivated by
different experiments in which kinesin binding affinity
has been measured for different types of MTs. In [19, 37],
GTP-MTs show three to four times higher affinity than
GDP-MTs and comparing [38] with [39], the affinity is
five times higher. The choice of coupling rates, filament
number and the number of sub-states in the floor-field
implementation is discussed in the supplemental material
[30].
MC-Simulations: We investigate the influence of the
floor-field on our stochastic model by performing MC-
simulations with two filaments started with neutral floor-
fields and randomly distributed particles. The total par-
ticle density is given by ρtot = ρ+ + ρ− = 2ρ+.
A time-evolution of the system is shown in Fig. 2 aver-
aged over 100 simulations. Yellow lines show the differ-
ence in densities ∆. A filament with average floor-field
f = 1/L
∑L
i=1 fi > 0 is called plus-lane and f < 0 minus-
lane. The floor-field f+ (f−) of the plus (minus)-lane is
shown in blue (red), and the total flux J in green (right
axis).
Without modification, i.e. µ = 1 in panel (a), no
symmetry-breaking is observed. There is no significant
difference between f+ and f−, and particles are dis-
tributed equally (∆ = 0). By raising µ, the floor-field
values split up and ∆ increases. For µ = 4, f+ (f−)
and ∆ almost reach the extreme values ±1, meaning
a quasi separation of particles and totally asymmetric
floor-fields. This lane-formation is stable and the time-
evolution shows very little sample to sample fluctuations.
Also the difference in the particle distribution ∆ is in
good agreement with the average floor-field |f | which
makes ∆ a good representation for f in the mean-field
analysis.
The stationary flux (green) increases for higher µ when
the floor-field is stabilized (Fig. 2(b) with µ = 4). In case
of µ = 4 (µ = 6) an average effective velocity of ≈ 270
nm/s (350 nm/s) for a motor protein whereas the free
stepping velocity of bound kinesins is presumed to be 480
nm/s in this work ([19]). As expected the mean-field so-
lution (dashed green line in Fig. 2) overestimates the flux
considerably, since a homogeneous distribution of parti-
cles is assumed, while in the full model there are strong
density-correlations due to cluster formation. However,
the initially symmetric two-lane system spontaneously
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FIG. 3. Transport efficiency (a) and symmetry-breaking (
(b), (d)) under variation of density and affinity modifica-
tion. Simulations did run for 3 hours real-time, measurements
started after 1 hour. Panel (c) shows the phase-space for sym-
metric and asymmetric solutions in the mean-field model.
breaks symmetry so both lanes carry stationary and op-
positely directed net flows.
In Fig. 3(a), we show the density dependence of the flux
for different µ in comparison to the unidirectional flux.
Simulation results show that the transport efficiency of
the system is significantly increased for (µ ≥ 3) compared
to the plateau obtained without floor-field (µ = 1). Actu-
ally, the flux reaches almost the value of the correspond-
ing unidirectional flux to Jud until it breaks down to the
traffic jam plateau value, similar for all µ. The density
at which the transition to the plateau value is observed,
depends on µ. Note that the stationary state is not al-
ways reached at high densities if we initialize the system
with a random configuration, indicated by the larger er-
ror bars in the high density regime caused by meta-stable
clusters (Fig. 3(a)), which have not been dissolved within
the simulation time.
Lane-formation is well characterized by the difference
in floor-field ∆f = f+ − f− measuring asymmetry be-
tween filaments and is shown in Fig. 3(b). The base line
corresponds to symmetric fields without lane-formation
for µ = 1. By increasing µ, the asymmetry develops in a
density dependent range before ∆f drops down. Results
of panel (a) and (b) indicate a lane-formation and quasi
ordering the system into two sub-systems with oppositely
directed flux. When the self-organization breaks down,
traffic jams are forming on both lanes and transport effi-
ciency is not enhanced anymore. This is consistent with
lane-formation observed in other floor-field models [20].
The influence of µ on the symmetry-breaking is further
examined in Fig. 3(c) and (d) by comparing mean-field
results to MC-simulations. In panel (c), a phase diagram
from mean-field analysis for |∆| under variation of µ
and ωd is shown for fixed ω
0
a = 5s
−1. The blue dot
marks µcrit for ωd used in simulations and agrees with
Fig. 2 and Fig. 3 (b). The border of |∆| > 0 shows that
µcrit > 1 for arbitrary ωd. There is only a small region
where 0 < |∆| < 1 because the mathematical solution of
Eq. 4 can be larger than the physical border of |∆| = 1,
hence particles are completely separated. The transition
is sharper for shorter run lengths (larger ωd). In panel
(d), J is growing under variation of µ for constant
ρ = 0.05 and different L. Remarkably, the transition
from a symmetric to a stable asymmetric solution is
captured by the mean-field approach and even the
predicted value µcrit agrees well with simulation results.
The transition is sharper for L ≥ 1000 than for L = 300,
hence, the larger system is better approximated by the
mean-field model. Also, larger systems have higher
fluxes. This is in contrast to the plateau value for µ = 1
which decreases with the system size. For even larger L
it is computationally hard to achieve stationary states
but we expect the system to still self-organize in lanes
due to stable lanes if already started in such conditions
(supplemental material [30]).
CONCLUSION AND OUTLOOK
To summarize, we introduced a stable mechanism for ef-
ficient bidirectional transport of active particles in one-
dimensional systems under strong confinement. This
mechanism is based on self-organized lane-formation. Di-
rected lanes may be predefined in engineered systems,
however, this is not always the case for transport of
animals or humans as for instance in pedestrian dy-
namics where self-organized lane-formation occurs [20–
24]. The influence of the floor-field on particle bind-
ing was inspired by recent experimental results on self-
induced strengthening of the kinesin MT-affinity, but
could also be realized by other modifications of MTs.
Lane-formation can be captured by a mean-field ap-
proach, which shows the mechanism is stable against lo-
cal density fluctuations.
The stability of lane-formation is remarkable in several
respects. First of all, lane-formation is observed in the
biologically relevant low density regime. This is in con-
trast to other mechanisms, based on particle-particle in-
teractions [40], which lead to symmetry-breaking at high
densities and therefore low particle velocities, while in
vivo observations of e.g. axonal vesicle transport show
that vesicles transported by molecular motors reach the
free stepping velocities of kinesin. Second, we observe
the coexistence of transport in both directions on a cou-
pled pair of filaments, which goes beyond symmetry-
breaking mechanisms reported as discussed in e.g. [41]
where symmetry-breaking leads to unidirectional trans-
5port. Third, our model describes the low mobility of
unbound particles, which may trigger cluster formation
in bidirectional transport and illustrates the stability of
the suggested mechanism. From our point of view, our
results indicate that stable bidirectional flows are more
easily realized by modifications of the filaments rather
than interactions between particles.
The importance of the MT structure on transport has
recently been pointed out [14–17]. Bidirectional intracel-
lular transport is organized on oppositely oriented fila-
ment bundles in dendrites [16] and on parallel oriented
MT doublets in cilia [17]. In axons, however, so far a
similar organization of the MT network has not been
identified. Our findings indicate that the posttransla-
tional modification by motors and self-induced preferen-
tial binding of one or the other motor species could in-
deed lead to stable bidirectional transport in an a priory
unipolar MT network. A self-induced amplification of the
binding affinity must be given for both particle species.
Otherwise, the density of oppositely oriented particles on
the same filament is too high to realize efficient transport
states.
Concerning the robustness and efficiency of the
proposed lane-formation in our model for intracellular
transport, it would be of great interest to obtain further
insight to the interplay between dynein and kinesin
motors, microtubules and MAPS, which might have a
strong impact on the (self-)organization of intracellular
transport.
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Mean-field analysis: In the continuum limit for a sin-
gle, unidirectional exclusion process with particle ex-
change to a reservoir, the mean-field approach is given
by [29]
∂ρ(x, t)
∂t
=
∂J(x, t)
∂x
+ ωa(1− ρ(x, t)) − ωdρ(x, t). (S1)
Here, we consider a system with periodic boundary con-
ditions and translational invariant initial conditions, such
that ∂J∂x = 0 and
∂ρ
∂t = 0 holds in the stationary state.
In absence of a floor-field, the effective density of parti-
cles bound to the filament is given by Langmuir kinetics
[11, 29]. Hence, we obtain the following estimates for the
stationary density and flux:
Jud = ρeff(1− ρeff) ρeff = ρ
ω0a
ω0a + ωd
. (S2)
Next, we consider in a system consisting of two filaments
(top and bottom) and a mutual reservoir (unbound) of
infinite capacity. Please note that we consider a single
particle reservoir in the mean-field approach instead of
two weakly coupled reservoirs in the full model, each of
which being coupled to one of the two filaments. This
simplification is valid because the weak coupling of the
two particle-reservoirs of the full model suppresses the
coupling of the density-fluctuations between the two fila-
ments. Density-fluctuations, however, are not described
by the mean-field approach.
Whereas the detachment rates are constant, the at-
tachment rate is a function of particle densities and de-
scribes the impact of the floor-field in the full model.
Eq. 2 in the main text describes that the attachment de-
pends on the floor-field fi on the particular site i on which
the particle wants to attach. Due to the translational in-
variance of the model we consider consistently an average
floor-field f . We estimate the average floor-field by the
normalized difference of densities ρ+ and ρ− on the given
filament, i.e. f t = (ρ+t − ρ
−
t )/ρ
+ for a plus-particle on
the top filament. The attachment rates for plus- and
minus-particles on the top filament ωt,±a = ω
t,±
a (ρ
+
t , ρ
−
t )
are then given by
ωt,+a = ω
0
aµ
(ρ+
t
−ρ−
t
)/ρ+ (S3)
ωt,−a = ω
0
aµ
(ρ−
t
−ρ+
t
)/ρ− . (S4)
The equations given above hold for attachment to the
top-filament. An analogous set of equations describes
the attachment to the bottom-filament.
As a result we arrive at the following mean-field equa-
tions for the two-filament system with particle reservoir
and the previously defined attachment rates ωt,±a , ω
b,±
a ,
which depend on the difference of plus and minus motor
density:
∂ρ+t
∂t
= ωt,+a ρ
+
u − ωdρ
+
t (S5)
∂ρ+u
∂t
= ωd
(
ρ+t + ρ
+
b
)
(S6)
−
(
ωt,+a + ω
b,+
a
)
ρ+u
∂ρ+b
∂t
= ωb,+a ρ
+
u − ωdρ
+
b , (S7)
where ρ+u denotes the density of the plus-particles in the
particle reservoir. We get an analogous set of particles for
minus particles. Furthermore, particle conservation leads
to the relation ρ+ = ρ+t + ρ
+
b + ρ
+
u for plus-particles and
ρ− = ρ−t + ρ
−
b + ρ
−
u for minus-particles. For simplicity,
we consider ρ+ = ρ−.
We define ∆ = (ρ+t − ρ
−
t )/ρ
+ which we use as an es-
timate of the average floor-field f (compare to Fig. 2).
We also make use of the symmetry between plus- and
minus-particles, i.e. we choose ρ+t = ρ
−
b , ρ
+
b = ρ
−
t and
ρ+u = ρ
−
u and drop the ± index. Using these assumptions
and definitions we get:
∂ρt
∂t
= ω0aµ
∆ρu − ωdρt (S8)
∂ρu
∂t
= ωd (ρt + ρb)−
(
ω0aµ
∆ + ω0aµ
−∆
)
ρu (S9)
∂ρb
∂t
= ω0aµ
−∆ρu − ωdρb. (S10)
From Eq. S8 to Eq. S10, we find the following equation
for ∆:
1
ωd
∂∆
∂t
=
ω0a ρu
ωd ρ
(
µ∆ − µ−∆
)
−∆. (S11)
Making use of normalization and Eq. S9, we can deter-
mine an equation for ∆ in the stationary state
∆ =
(
µ∆ − µ−∆
)
1
ωd
(µ∆ + µ−∆) + ωdω0
a
. (S12)
Eq. S12 is numerically solvable and shows a pitchfork bi-
furcation at µ = µcrit(ω
0
a, ωd) from a stable equilibrium
point at ∆0 = 0 to the unstable equilibrium point ∆0 = 0
2and two stable points at ∆±. Note that this asymmetri-
cal solution can be found for |∆| > 1 in some cases. By
definition, the difference of physical densities cannot be
larger than 1, so a solution |∆| > 1 will correspond to a
total separation of particles at the border of the definition
of ∆.
As a next step, we explicitly calculate the densities in
each state by using the asymmetric solutions for ∆
ρt =
ρ ∆± µ
∆±
(µ∆± − µ−∆±)
(S13)
ρu =
ωd
ω0a
ρ ∆±
(µ∆± − µ−∆±)
(S14)
ρb =
ρ ∆± µ
−∆±
(µ∆± − µ−∆±)
. (S15)
Using these results, we can calculate the flux for plus-
particles on the top lane
JMF = J
+
t = ρ
+
t
(
1− (ρ+t + ρ
−
t )
)
(S16)
and analogously for the bottom lane as well as for minus-
particles.
List of parameters: In our simulations, we used the
reference set of parameters shown in table I. Different
choices of parameters are mentioned in the text.
Kymographs: In order to initialize our simulations,
particles are randomly distributed in the unbound state
on both filaments. In the top row of Fig. S1, we show a
kymograph corresponding to a typical time-evolution of
the system over one hour real time. Shown are bound
particles of filament 1 ad 2 in a long time interval in or-
der to observe the system transitioning between the two
following states. After an initial symmetrical state with
clustering, particles distribute asymmetrically between
the two filaments. The result is a clear majority of plus-
(minus) particles on filament 1 (2). We then call the
filament with a plus (minus) majority plus-lane (minus-
lane). Also the floor-field clearly breaks symmetry in the
same way. This lane-formation was not observed for neu-
tral affinity modification (not shown).
In the bottom row of Fig. S1 we show parts of the ky-
mographes in a higher time resolution. Intervals of 30 s
are shown from the kymograph of filament 2. The left
figure belongs to the early phase in which the system is
in a symmetric state where immobile clusters drastically
reduce the flux. The right figure shows the system in
TABLE I. Reference set of parameters. The rates ωs, ωa, ωd
and ωr are extracted from [12].
ρ 0.05 L 1000
ωs 60 s
−1 Np 13
ω0a 5 s
−1 ωr 0.005 s
−1
ωd 1 s
−1 ωc 0.1 s
−1
space
tim
e
Filament 1 Filament 2
space
tim
e
1
0
 m
in
5
 s
FIG. S1. Top: Kymographs in a two-lane system of length
L = 1000, density ρ = 0.08 and modification µ = 6. We stud-
ied the time-evolution of the system during the first hour (real
time) after initialization in a random configuration and with
a neutral floor-field. Bound plus-particles are blue, minus-
particles red and empty space or unbound particles white.
The scale car shows a time interval of 10 minutes. The green
and cyan line mark 30 s intervals which are shown in the bot-
tom row. Bottom: 30 second intervals in a higher resolution
show examples of the symmetric state (left) and the asym-
metric state (right). The inset shows that typically only a
single plus-particle blocks the runs of minus-particles tempo-
rally. The scale bar shows an interval of 5 seconds.
the asymmetric state where only a few plus-particles are
present on the minus-lane. Minus-particles perform in co-
ordinated runs, only temporary blocked by plus-particles,
which results in a more efficient transport state.
Length dependency: Beside the flux and symmetry de-
pendencies on the density ρ and the affinity modification
feedback µ, we study the influence of the system length.
In Fig. S2(a) and (b) we plot J and ∆f for a fixed density
ρ = 0.05 under variation of L. On the one hand, lane-
formation needs a minimum length so that enough parti-
cles are involved in the system i.e. the sharper transition
in Fig. 3 in the main text for L = 1000 than L = 300
is consistent with the not reached maximum value for
L = 300 in Fig. S2 (a) and (b). On the other hand, sta-
ble lanes were not able to form within our simulation of
3 hours simulated time for L ≥ 4000, represented by the
large error bars in this regime. For large systems it takes
very long to reach the stationary state from random ini-
tial conditions so we check whether asymmetric initial
3conditions are stable and lane-formation persists in the
stationary state. We add filled symbols for simulations
started in asymmetric conditions to the open symbols for
the reference start in symmetric conditions. Here, the
system remains in the asymmetric state when high affin-
ity modification was implied but produced traffic jams
and lost asymmetry without the modification. Thus, we
expect the system to self organize even for larger system
sizes in the stationary state.
Number of sub-states: We now check our model cali-
bration in Fig. S2 (c) and (d) by comparing two different
numbers of sub-states Np = 13 (empty symbols) and
Np = 1 (filled symbols). The number influences floor-
field resistance against single particle induced changes
for sub-states and leads to a majority effect. We compare
the model to a version with only a single (sub-)state per
site. This means, that each particle stepping to a given
neutral site sets its affinity, i.e. fi = si. This complete
modification of the local floor-field by a single particle is
not in agreement with experimental results which report
a curvature of MTs at low kinesin concentrations corre-
sponding to a partial excitation of the protofilaments [19,
25]. In our model the average of Np = 13 sub-states takes
this collective effect into account and determines the lo-
cal preference from an average of all local-substates fi. A
lattice with only one sub-state shows similar but quan-
titatively smaller flux enhancement. In case of µ = 4,
there is no improvement compared to the neutral system.
If µ = 6, enhancement is visible but only for densities up
to ρ = 0.03 before the flux breaks down. This behavior
is also reflected in the floor-field in panel (d). Here, the
asymmetry exhibition is shifted towards lower densities
and is in case of µ = 4 not as strong as for Np = 13. For
such small densities, the flux is close to Jud so that the
enhancement in the flux is hardly noticeable.
Number of filaments: An increasing of the number of
lanes does not further improve the flux as it can be seen
in panel (e) where filled symbols belong to a system of
NL = 8 lanes, being in good agreement with the two
track version (open symbols).
Coupling rate ωc: We also investigated the influence of
the coupling rate ωc which determines the amount of in-
teraction between filaments. The actual value of the cou-
pling rate has not been established in experiments. In all
simulations we use the value ωc = 0.1 ωd as given in ta-
ble I. In Fig. S2 (f), the system supports lane-formation
and enhanced flux for weakly coupled lanes. The flux
breaks down if the coupling rate is of the order of attach-
ment and detachment rate. This breakdown is related
to traffic jams on both filaments, located at similar po-
sitions. The strong density correlation prevents traffic
jams from resolution because motors cannot escape from
crowded areas due to exclusion. Strongly coupled fila-
ments cannot organize themselves into lanes anymore. It
follows that tracks have to be weakly coupling for the
mean-field assumption, which is consistent with studies
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FIG. S2. Flux 〈J〉 (a) and asymmetry ∆f (b) under varia-
tion of the system length L. Simulations did run for 3 hours
simulated time, measurements started after 2 hours. Simu-
lations which were initialized in random configurations are
marked as open symbols, simulation data from asymmetric
initial conditions are represented by filled symbols. The black
line shows Jud and the shaded area marks the length regime
of large error bars and the second set of simulations started in
sorted initial conditions. Model comparison in the fundamen-
tal diagram (c) and the floor-field asymmetry (d) between
different numbers of sub-states. The reference system with
13 sub-states is given by open symbols, a lattice of only one
sub-state by filled symbols. (e) Fundamental diagram for
the reference system of 2 filaments (open symbols) compared
to a system of 8 filaments (filled). (f) Variation of the fila-
ment coupling rate ωc for different µ influences the particle
flux. The reference value used in the main text is given by
ωc = 0.1.
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FIG. S3. Total particle flux Jtot (a) and floor-filed asymmetry
(b) in case of asymmetrical motor affinity modification factors
µ+ and µ−. We fix µ+ = µ and vary µ− in [1, µ]. For µ = 6,
fluxes are shown for plus- and minus-particles separately.
about unidirectional transport on coupled tracks [42].
The idea of weak coupling is consistent with the bio-
logical findings that motor-cargo complexes have a very
low diffusivity in the crowded cytosol of the axon in vivo.
Hence, it makes da difference whether particles attach to
a close MT or to a neighboring MT which is further away.
Asymmetric motor affinity modification: We investi-
gate if symmetric affinity modification parameters are
needed to generate symmetry-breaking in our system.
For that, we distinguish µ for plus-particles µ+ and mi-
nus particles µ−. For a given µ+ = µ, we decrease affinity
of minus particles down to a neutral setting µ− = 1 and
show fluxes and the floor-field asymmetry in Fig. S3.
We can see that no symmetry between plus and mi-
nus particle affinity modification is needed for having
an enhanced flux and asymmetric floor-fields. However,
without a slightly modified affinity of minus- particles,
we cannot see any enhancement of the flux no matter if
binding of plus-particles is modified or not. This result
is consistent with mean-field analysis for µ+ = µ and
µ− = 1. Eq. S8 to Eq. S10 simplify for minus-particles,
i.e.
∂ρ−t
∂t
= ω0aρ
−
u − ωdρ
−
t (S17)
∂ρ−u
∂t
= ωd
(
ρ−t + ρ
−
b
)
− 2ω0aρ
−
u (S18)
∂ρ−b
∂t
= ω0aρ
−
u − ωdρ
−
b . (S19)
These equation system has only a symmetrical solution.
Using this result in the equations for plus-particles leads
exclusively to symmetrical solutions for plus-particles,
too. Hence, no lane-formation is found in a mean-field
model if the attachment modification applies only to one
of the two particle species.
In Fig. S3 (a), the plus and minus flux J± is not identi-
cal for all µ−. By having only a low affinity modification
for minus-particles, it is the plus-particles which cannot
produce flux more than in the neutral case. On the fil-
aments, the plus density is concentrated to one filament
but minus-particles are located on both. Hence, minus-
particles on the minus-lane are rather free to move but
most plus-particles are blocked by the minus-particles on
the plus-lane. By increasing the minus affinity modifica-
tion, this gradually changes until the fluxes of the two
particle species are balanced.
